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ABSTRACT
We study the atomic (HI) and molecular hydrogen (H2) contents of early-type galaxies (ETGs)
and their gas sources using the GALFORM model of galaxy formation. This model uses a
self-consistent calculation of the star formation rate (SFR), which depends on the H2 content
of galaxies. We first present a new analysis of HIPASS and ATLAS3D surveys, with special
emphasis on ETGs. The model predicts HI and H2 contents of ETGs in agreement with the ob-
servations from these surveys only if partial ram pressure stripping of the hot gas is included,
showing that observations of neutral gas in ‘quenched’ galaxies place stringent constraints on
the treatment of the hot gas in satellites. We find that ≈ 90% of ETGs at z=0 have neutral gas
contents supplied by radiative cooling from their hot halos, 8% were supplied by gas accretion
from minor mergers that took place in the last 1Gyr, while 2% were supplied by mass loss
from old stars. The model predicts neutral gas fractions strongly decreasing with increasing
bulge fraction. This is due to the impeded disk regeneration in ETGs, resulting from both ac-
tive galactic nuclei feedback and environmental quenching by partial ram pressure stripping
of the hot gas.
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1 INTRODUCTION
The classic picture of early-type galaxies (ETGs), which in-
clude elliptical and lenticular galaxies, is that they are ‘red and
dead’, without any significant star formation, and contain mainly
old stellar populations (Bower et al. 1992). ETGs have also been
long connected to the red sequence in the color-magnitude re-
lation, establishing a strong connection between quenching of
star formation and morphological transformation (e.g. Bower et al.
1992; Strateva et al. 2001; Baldry et al. 2004; Balogh et al. 2004;
Bernardi et al. 2005; Schiminovich et al. 2007). By analysing the
Se´rsic index of galaxies in the star formation rate-stellar mass
plane, Wuyts et al. (2011) showed that galaxies in the star forming
sequence (the so called ‘main sequence’ of galaxies) are typically
disk-like galaxies (with Se´rsic indices close to 1), while passive
galaxies tend to have higher Se´rsic indices (typically > 3). Wuyts
et al. also showed that these trends are observed in galaxies from
z = 0 to≈ 2, suggesting that the relation between morphology and
quenching is fundamental and that is present over most of the star
formation history of galaxies.
Although this simple paradigm of ‘red and dead’ ETGs is
qualitatively sufficient to explain their location on the red sequence
of galaxies, it is far from being quantitatively correct. High quality,
resolved observations of the different components of ETGs, mainly
from the ATLAS3D1 multi-wavelength survey (Cappellari et al.
2011), showed that this paradigm is too simplistic. This survey
showed that at least 20% of ETGs have molecular and atomic hy-
drogen contents large enough to be detected (Young et al. 2011;
Serra et al. 2012; see also Welch et al. 2010 for similar results
from an independent survey). The approximate detection limits for
molecular hydrogen (H2) and atomic hydrogen (HI) masses in the
ATLAS3D are ≈ 107 − 108M⊙. Large amounts of cold gas in
ETGs are frequently found when star formation is observed (e.g.
Davis et al. 2014). Some of these galaxies with ongoing star for-
mation lie on the red sequence of galaxies in the color-magnitude
relation (Kaviraj et al. 2007; Smith et al. 2012, Young et al. 2013).
All of this evidence points to a large fraction of ETGs, which were
before seen as ‘passive’ in terms of their colours, having star forma-
tion rates and cold interstellar medium (ISM) contents that can be
rather large. From this it is reasonable to conclude that the quench-
ing of galaxies is indeed more complex than the simple picture of
‘passive, red and dead’ ETGs.
This shift of paradigm in ETGs poses new questions regarding
how we understand the formation of this galaxy population. For
instance, how do we understand the presence of a non-negligible
cold ISM in ETGs and their location on the red sequence of galaxies
in the color-magnitude diagram? Was the cold gas accreted recently
1 http://www-astro.physics.ox.ac.uk/atlas3d/.
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or does it come from internal processes, such as recycling of old
stars? These questions are at the core of the understanding of the
quenching of galaxies and the decline of the star formation activity
with time.
Simulations of galaxy formation have long explored the origin
of galaxy morphologies in the context of the hierarchical growth
of structures. Pioneering ideas about the formation of galaxy disks
and bulges were presented by Toomre (1977) and White & Rees
(1978). Toomre proposed for the first time that galaxy mergers
could lead to the formation of spheroids, which was implemented
in early semi-analytic models of galaxy formation (e.g. Baugh et al.
1996; Kauffmann 1996; Cole et al. 2000). However, with the ad-
vent of large area surveys, and more sophisticated cosmological
N -body simulations, it became clear that major mergers (mergers
between galaxies with mass ratios & 0.3) could not be the only
formation mechanism of spheroids (e.g. see Le Fe`vre et al. 2000
for an observational example and Naab & Burkert 2003 for a the-
oretical work) because of their expected rareness, which is incom-
patible with the large numbers of ETGs observed (Bernardi et al.
2003; Lintott et al. 2008). Theoretical work on the formation
mechanisms of spheroids led to the conclusion that minor merg-
ers (e.g. Malbon et al. 2007; Parry et al. 2009; Hopkins et al.
2010; Bournaud et al. 2011; Naab et al. 2013) and disk instabil-
ities (e.g. Mo et al. 1998; Gammie 2001; Bournaud et al. 2009;
Krumholz & Burkert 2010; Elmegreen & Burkert 2010) can also
play a major role. Many studies exploited numerical simulations
and semi-analytic models to study the formation of ETGs and their
mass assembly with interesting predictions, for example that mas-
sive ETGs assemble their mass relatively late but have stellar pop-
ulations that are very old (e.g. Baugh et al. 1996; Kauffmann 1996;
De Lucia et al. 2006; Parry et al. 2009), and that the formation
paths for ETGs can be many, going from having had one or more
major mergers, to having had no mergers at all (e.g. Naab et al.
2013).
Despite all this progress, little attention has been paid to the
study of the neutral gas content of the ETG population. The atomic
and molecular gas contents of ETGs may provide strong constraints
on the recent accretion history. Lagos et al. (2011b), for example,
show that the neutral gas content of galaxies is very sensitive to
short term variations in the accretion history, while the stellar mass
and optical colours are not. Similarly, Serra et al. (2014) show that
although simulations can reproduce the nature of slow and fast rota-
tors in the early-type population, the atomic hydrogen content pre-
dicted by the same simulations is too low. Another reason to believe
that the neutral gas content of ETGs will provide strong constraints
on galaxy formation models, is that they show different correlations
between their gas and stellar contents. For example, for normal
star-forming galaxies, there is a good correlation between the HI
mass and the stellar mass (e.g. Catinella et al. 2010; Cortese et al.
2011; Huang et al. 2012; Wang et al. 2014), while ETGs show no
correlation between these two quantities (e.g. Welch et al. 2010;
Serra et al. 2012). Different physical mechanisms are then driv-
ing the HI content of ETGs. Similar conclusions were reached
for molecular hydrogen (e.g. Saintonge et al. 2011; Lisenfeld et al.
2011; Young et al. 2011; Boselli et al. 2014a).
The motivation behind this paper is to investigate the neu-
tral gas content of ETGs in hierarchical galaxy formation mod-
els and relate them to the formation and quenching mechanisms
of ETGs. We explore the question of the origin of the atomic and
molecular gas contents of ETGs and attempt to connect this to
their observed HI and H2 contents and their stellar mass content.
In paper II (Lagos et al. in prep.), we will explore the question
of the alignments between the angular momenta of the gas disk
and the stellar contents of ETGs. For the current study, we use
three flavours of the semi-analytical model GALFORM in a ΛCDM
cosmology (Cole et al. 2000), namely those of Lagos et al. (2012),
Gonzalez-Perez et al. (2014), and Lacey et al. (2014, in prep.). The
three models include the improved treatment of SF implemented
by Lagos et al. (2011b). This extension splits the hydrogen con-
tent of the ISM into HI and H2. In addition, these three models
allow bulges to grow through minor and major galaxy mergers and
through global disk instabilities. The advantage of using three dif-
ferent flavours of GALFORM is the ability to characterise the robust-
ness of the trends found. The outputs of the three models shown in
this paper will be made publicly available through the Millennium
database2.
This paper is organised as follows. In §2 we present the ob-
servations of the HI and H2 content of the entire galaxy population
and of ETGs, along with the gas mass functions and gas fraction
distribution functions for these two populations. In §3, we describe
the galaxy formation model and the main aspects which relate to
the growth of bulges: star formation, disk and bulge build-up, re-
cycling of intermediate and low mass stars and the treatment of the
partial ram pressure stripping of the hot gas. We also describe the
main differences between the three GALFORM flavours and the dark
matter simulations used. In §4 we compare the model predictions
with observations of the neutral gas content of ETGs and show the
impact of including partial ram pressure stripping of the hot gas.
In §5 we analyse the connection between the neutral gas content of
ETGs, their bulge fraction and quenching and explain the physical
processes behind this connection. In §6 we analyse all the sources
that contribute to the neutral gas content of ETGs and their environ-
mental dependence. Finally, our main conclusions are presented in
§7.
2 THE OBSERVED NEUTRAL HYDROGEN CONTENT
OF LOCAL GALAXIES
Our aim is to study the neutral gas content of ETGs and show how
this compares to the overall galaxy population. We first need to
define the observational datasets that we will use as the main con-
straints on the galaxy formation simulations3. We focus on the HI
and H2 gas contents of galaxies and how these compare to the stel-
lar content. We do this through comparisons with the K-band lu-
minosity, which is closely related to the stellar mass in galaxies
but directly measured by observations. We extensively use the HI
Parkes All-Sky Survey (HIPASS; Meyer et al. 2004), the Arecibo
Legacy Fast ALFA Survey (ALFALFA; Giovanelli et al. 2005), the
Five College Radio Astronomy Observatory CO(1 − 0) survey
of Keres et al. (2003) and the ATLAS3D survey (Cappellari et al.
2011).
The ATLAS3D survey is of particular interest as it is a vol-
ume limited sample of ETGs, where all ETGs within a volume
of 1.16 × 105Mpc3 and with K-band rest-frame luminosities of
LK > 6×10
9 L⊙ were studied in detail. The total number of ETGs
in the ATLAS3D catalogue is 260. The morphological classifica-
tion was obtained through careful visual inspection. The ATLAS3D
survey contains multi-wavelength information, such as broad-band
photometry in the B-, r- and K-bands (Cappellari et al. 2011), as
2 http://gavo.mpa-garching.mpg.de/Millennium
3 The units in the observations are expressed in physical units. Note that
we normalised all the observational datasets to the choice of h = 0.73.
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Figure 1. Top panel: The HI mass function from Zwaan et al. (2005) and
Martin et al. (2010) at z = 0, which include both early and late-type galax-
ies; the HI mass function of ETGs from HIPASS and from the ATLAS3D
survey (with and without 1/Vmax correction), calculated in this work. Bot-
tom panel: Distribution function of the ratio between the HI mass to the
K-band luminosity for all and ETGs for the HIPASS and the ATLAS3D
surveys, calculated in this work. Note that we express densities and masses
in physical units.
well as 21 cm interferometry (presented in Serra et al. 2012), from
which the HI mass is derived, and CO(1 − 0) single dish obser-
vations, presented in Young et al. (2011), from which the H2 mass
is derived, along with detailed stellar kinematic information. This
survey provides an in depth view of ETGs in the local Universe
and shows how the neutral gas content correlates with other galaxy
properties.
We constructed HI and H2 mass functions for the ATLAS3D
objects. The HI survey presented in Serra et al. (2012) includes
every ATLAS3D ETG visible with the Westerbork Synthesis Ra-
dio Telescope, a total of 166 objects. We took HI masses from
Serra et al. (2012) to construct a HI mass function, which we plot
in Fig. 1. This HI survey is incomplete in depth due to obser-
vations being performed using a fixed 12 hour integration. This
means that HI masses < 107.5M⊙ could only be detected in
nearby objects. Thus, we correct the lower HI mass bins for in-
completeness using the standard 1/Vmax method (Schmidt 1968).
Note that since ATLAS3D is complete above a K-band luminosity
of LK > 6 × 109 L⊙, we use a Vmax calculated for the HI mass
only. Total H2 masses are available from Young et al. (2011) for
all galaxies in the full ATLAS3D survey volume. We constructed
H2 mass functions from this data in the same way (see Fig. 2).
The IRAM-30m telescope observations have a fixed noise limit,
and Fig. 2 shows both the original and a corrected mass func-
tion (where the lower H2 mass bins have been corrected using the
1/Vmax method).
Blind HI surveys, such as ALFALFA and HIPASS provide in-
formation on the HI content of galaxies in larger volume. HI mass
functions were derived from these two surveys and presented in
Martin et al. (2010) and Zwaan et al. (2005), respectively. These
HI mass functions are shown in the top-panel of Fig. 1. How-
ever, because we are interested in how ETGs differ from the over-
all galaxy population and in isolating the physical processes lead-
ing to such differences, we need a proxy for the stellar mass of
these HI-selected galaxies. To this end, we use the HIPASS sur-
vey cross-matched with the Two Micron All-Sky Survey (2MASS;
Jarrett et al. 2000) to obtain K-band luminosities for the HIPASS
galaxies (see Meyer et al. 2008). We limit the analysis to the south-
ern HIPASS sample (Meyer et al. 2004), because the completeness
function for this sample is well-described and the HI mass function
is determined accurately (Zwaan et al. 2005). We find that 86% of
the southern HIPASS galaxies have K-band counterparts, and all
of these have morphological classifications which are described in
Doyle et al. (2005). Galaxy morphologies are taken from the Su-
perCOSMOS Sky Survey (Hambly et al. 2001), and are obtained
by visual inspection, predominantly in the bJ -band.
With the subsample of HIPASS galaxies with K-band lumi-
nosities and assigned morphological types, we calculate the HI
mass function for ETGs, take to be those identified as ‘E-Sa’. For
this, we use the maximum likelihood equivalents of the 1/Vmax
values determined by Zwaan et al. (2005). These values represent
the maximum volume over which each of the HIPASS galaxies
could have been detected, but they are corrected so as to remove
the effects of large scale inhomogeneities in the HIPASS survey
(see Zwaan et al. 2005 for details). We add an additional selection
in the K-band luminosity to match the selection used in ATLAS3D
and re-calculate the HI mass function of the overall galaxy popula-
tion using the same Vmax values determined by Zwaan et al. Note
that we do not need to recalculate Vmax due to the K-band survey
being much deeper than the HI survey (i.e. it is able to detect small
galaxies further out than the HI survey). The results of this exercise
are shown in the top-panel of Fig. 1. We also show the estimated HI
mass function of the ATLAS3D ETGs. There is very good agree-
ment between the HI mass function of ETGs from the HIPASS and
ATLAS3D surveys in the range where they overlap (despite the in-
clusion of Sa galaxies in the HIPASS sample, which are absent in
ATLAS3D).
ATLAS3D provides an important insight into the HI mass
function of ETGs in the regime of low HI masses that are not
present in HIPASS. In the case of the HI mass function of all
galaxies that have K-band luminosities above 6 × 109 L⊙, we
find that the HI mass function is fully recovered down to MHI ≈
5×109M⊙, with a drop in the number density of lower HI masses
due to the K-band luminosity limit. Note that this drop is not be-
cause of incompleteness but instead is a real feature connected
to the minimum HI mass that normal star-forming galaxies with
LK > 6 × 10
9 L⊙ have. By normal star-forming galaxy we mean
those that lie on the main sequence of galaxies in the plane of star
c© 2011 RAS, MNRAS 000, 1–20
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formation rate (SFR) vs. stellar mass. The HIPASS matched sam-
ple is complete for K-band luminosities LK > 6 × 109 L⊙. The
turn-over observed at MHI ≈ 5 × 109M⊙ is simply the HI mass
expected for a normal star-forming galaxy with LK ≈ 6×109 L⊙.
Similarly, we calculate the distribution function of the ratio of
HI mass to the K-band luminosity, which we refer to as the HI gas
fraction. We do this for all HIPASS galaxies withLK > 6×109 L⊙
in the cross-matched catalogue and for the subsample of ETGs.
This is shown in the bottom-panel of Fig. 1. Also shown is the dis-
tribution of MHI/LK for the ETGs in the ATLAS3D survey. Note
that these distribution functions provide higher order constraints on
galaxy formation simulations than the more commonly used scal-
ing relations between the HI mass or H2 mass and stellar mass
(e.g. Catinella et al. 2010; Saintonge et al. 2011). This is because
this distribution allows us to test not only if the amount of neutral
gas in model galaxies is in the expected proportion to their stellar
mass, but also that the number density of galaxies with different
gas fractions is correct. Kauffmann et al. (2012) show that this is a
stronger constraint on semi-analytic models of galaxy formation, as
the distribution of the neutral gas fraction depends on the quench-
ing mechanisms included in the models, and the way they interact.
So far, no such comparison has been presented for cosmological
hydrodynamical simulations.
We perform the same exercise we did for HI masses but now
for H2 masses. In this case there are no blind surveys of carbon
monoxide or any other H2 tracer, and therefore the data for large
samples of galaxies is scarce. Keres et al. (2003) reported the first
and only attempt to derive the local luminosity function (LF) of
CO(1 − 0). This was done using B-band and a 60µm selected
samples, and with follow up using the Five College Radio Astron-
omy Observatory. This is shown in the top-panel of Fig. 2. Also
shown is the H2 mass function of ETGs from ATLAS3D. Here, we
adopt a Milky Way H2-to-CO conversion factor, NH2/cm−2 =
2× 10−20 ICO/Kkms
−1
, for both the Keres et al. sample and the
ATLAS3D (but see Lagos et al. (2012) for more on conversions).
Here NH2 is the column density of H2 and ICO is the integrated
CO(1− 0) line intensity per unit surface area. In the bottom-panel
of Fig. 2 we show the distribution function of the MH2/LK ratios
(we which refer to as H2 gas fractions) for the ATLAS3D sources.
Throughout this paper we compare different flavours of
GALFORM to the set of observations presented in Figs. 1 and 2.
3 MODELLING THE EVOLUTION OF THE
MORPHOLOGY, NEUTRAL GAS CONTENT AND
STAR FORMATION IN GALAXIES
Here we briefly describe the GALFORM semi-analytical model of
galaxy formation and evolution (introduced by Cole et al. 2000),
focusing on the aspects that are relevant to the build-up of ETGs.
The GALFORM model takes into account the main physical
processes that shape the formation and evolution of galaxies. These
are: (i) the collapse and merging of dark matter (DM) halos, (ii)
the shock-heating and radiative cooling of gas inside DM halos,
leading to the formation of galactic disks, (iii) quiescent star for-
mation in galaxy disks, (iv) feedback from supernovae (SNe), from
heating by active galactic nuclei (AGN) and from photo-ionization
of the inter-galactic medium (IGM), (v) chemical enrichment of
stars and gas, and (vi) galaxy mergers driven by dynamical friction
within common DM halos which can trigger bursts of star forma-
tion, and lead to the formation of spheroids (for a review of these
ingredients see Baugh 2006 and Benson 2010). Galaxy luminosi-
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Figure 2. Top panel: The H2 mass function from Keres et al. (2003) us-
ing CO(1 − 0) observations of parent samples selected in B-band and
60µm, as labelled, and adopting a Milky Way H2-to-CO conversion fac-
tor, NH2/cm
−2 = 2 × 10−20 ICO/Kkm s
−1
. Here NH2 is the col-
umn density of H2 and ICO is the integrated CO(1 − 0) line intensity per
unit surface area. Also shown are the H2 mass function of ETGs from the
ATLAS3D survey (stars), with and without the 1/Vmax correction, also
for a Milky Way H2-to-CO conversion factor. Bottom panel: Distribution
function of the H2 gas fraction for the ATLAS3D survey.
ties are computed from the predicted star formation and chemi-
cal enrichment histories using a stellar population synthesis model
(see Gonzalez-Perez et al. 2014 to see the impact of using different
models).
In the rest of this section we describe the star formation
(SF) law used and how this connects to the two-phase interstellar
medium (ISM; § 3.1), the recycled fraction and yield from newly
formed stars and how that gas fuels the ISM (§ 3.2), the physical
processes that give rise to discs and bulges in GALFORM (§3.3) and
the modelling of the ram-pressure stripping of the hot gas (§ 3.4)
in satellite galaxies. We put our focus into these processes because
we aim to distinguish the contribution of each of them to the neu-
tral gas content of ETGs: galaxy mergers, hydrostatic cooling and
recycling from stars. These processes are the same in the three vari-
ants of GALFORM we use in this paper: the models of Lagos et al.
c© 2011 RAS, MNRAS 000, 1–20
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(2012; Lagos12), Gonzalez-Perez et al. (2014; Gonzalez-Perez14)
and Lacey et al. (2014, in prep.; Lacey14), albeit with different pa-
rameters. In § 3.5 we describe the differences between these vari-
ants. We finish the section with a short description of the N -body
cosmological simulation used and the parameters adopted (§ 3.6).
3.1 Interstellar medium gas phases and the star formation
law
In GALFORM the SF law developed in Lagos et al. (2011b, here-
after ‘L11’) is adopted. In this SF law the atomic and molecular
phases of the neutral hydrogen in the ISM are explicitly distin-
guished. L11 found that the SF law that gives the best agreement
with the observations without the need for further calibration is the
empirical SF law of Blitz & Rosolowsky (2006). Given that the SF
law has been well constrained in spiral and dwarf galaxies in the
local Universe, L11 decided to implement this molecular-based SF
law only in the quiescent SF mode (SF following gas accretion onto
the disk), keeping the original prescription of Cole et al. (2000) for
starbursts (driven by galaxy mergers and global disk instabilities).
Quiescent Star Formation. The empirical SF law of Blitz &
Rosolowsky has the form,
ΣSFR = νSFΣmol, (1)
where ΣSFR and Σmol are the surface densities of SFR and molec-
ular gas, respectively, and νSF is the inverse of the SF timescale
for the molecular gas. The molecular gas mass includes the contri-
bution from helium. The ratio between the molecular and total gas
mass, fmol, depends on the internal hydrostatic pressure through
ΣH2/ΣHI = fmol/(fmol − 1) = (Pext/P0)
α
. Here HI and H2
only include hydrogen (which in total corresponds to a fraction
XH = 0.74 of the overall cold gas mass). To calculate Pext, we
use the approximation from Elmegreen (1989), in which the pres-
sure depends on the surface density of gas and stars. The parameters
νSF, P0 and α are given in § 3.5 for each of the three GALFORM
variants.
Starbusts. For starbursts the situation is less clear than in star
formation in disks mainly due to observational uncertainties, such
as the conversion between CO and H2 in starbursts, and the in-
trinsic compactness of star-forming regions, which have prevented
a reliable characterisation of the SF law (e.g. Genzel et al. 2010).
For this reason we choose to apply the BR law only during qui-
escent SF (fuelled by accretion of cooled gas onto galactic disks)
and retain the original SF prescription for starbursts (see Cole et al.
2000 and L11 for details). In the latter, the SF timescale is pro-
portional to the bulge dynamical timescale above a minimum floor
value and involves the whole cold gas content of the galaxy, SFR =
M cold/τSF (see Granato et al. 2000 and Lacey et al. 2008 for de-
tails). The SF timescale is defined as
τSF = max(τmin, fdynτdyn), (2)
where τdyn is the bulge dynamical timescale, τmin is a minimum
duration adopted for starbursts and fdyn is a free parameter. The
values of the parameters τmin and fdyn are given in § 3.5 for each
of the three GALFORM variants.
3.2 Recycled fraction and yield
In GALFORM we adopt the instantaneous mixing approximation for
the metals in the ISM. This implies that the metallicity of the cold
gas mass instantaneously absorbs the fraction of recycled mass and
newly synthesised metals in recently formed stars, neglecting the
time delay for the ejection of gas and metals from stars.
The recycled mass injected back to the ISM by newly born
stars is calculated from the initial mass function (IMF) as,
R =
∫ mmax
mmin
(m−mrem)φ(m) dm, (3)
wheremrem is the remnant mass and the IMF is defined as φ(m) ∝
dN(m)/dm. Similarly, we define the yield as
p =
∫ mmax
mmin
mi(m)φ(m)dm, (4)
where mi(m) is the mass of newly synthesised metals ejected
by stars of initial mass m. The integrations limits are taken to
be mmin = 1M⊙ and mmax = 120M⊙. Stars with masses
m < 1M⊙ have lifetimes longer than the age of the Universe, and
therefore they do not contribute to the recycled fraction and yield.
The quantities mrem(m) and mi(m) depend on the initial mass of
a star and are calculated by stellar evolution theory. The stellar evo-
lution model we use for intermediate stars (1M⊙ < m . 8M⊙)
is Marigo (2001) (i.e. which provides mrem(m) and mi(m) for
those types of stars), while for massive stars, m & 8M⊙, we use
Portinari et al. (1998).
We describe in § 3.5 the IMF adopted in the three variants of
GALFORM.
3.3 Morphological transformation of galaxies
3.3.1 The build-up of discs
Galaxies form from gas which cools from the hot halo observing
conservation of angular momentum. As the temperature decreases,
thermal pressure stops supporting the gas which then settles in a
rotating disks (Fall & Efstathiou 1980).
We model the gas profile of the hot gas with a β profile
(Cavaliere & Fusco-Femiano 1976),
ρhot(r) ∝ (r
2 + r2core)
−3βfit/2, (5)
The simulations of Eke et al. (1998) show that βfit ≈ 2/3 and that
rcore/RNFW ≈ 1/3. In GALFORM, we adopt the above values and
use ρhot(r) ∝ (r
2+R2NFW/9)
−1
, whereRNFW is the scale radius
of the Navarro et al. (1997) profile of the dark matter halos.
During a timestep δt in the integration of galaxy properties,
we calculate the amount of gas that cools and estimate the radius
at which τcool(rcool) = t − tform, where tform corresponds to the
time at which the halo was formed and t is the current time. The
gas inside rcool is cool enough to be accreted onto the disk. How-
ever, in order to be accreted onto the disk, the cooled gas should
have had enough time to fall onto the disk. Thus, the gas that has
enough time to cool and be accreted onto the disk is that within the
radius in which the free-fall time and the cooling time are smaller
than (t − tform), defined as rff and rcool, respectively. The mass
accreted onto the disk simply corresponds to the hot gas mass en-
closed within r = min[rcool, rff ].
We calculate rcool from the cooling time, which is defined as
τcool(r) =
3
2
µmH kB Thot
ρhot(r)Λ(Thot, Zhot)
. (6)
Here, Λ(Thot, Zhot) is the cooling function that depends on the
gas temperature, Thot, which corresponds to the virial temper-
ature of the halo (Thot = TV) and the metallicity Zhot (i.e.
the ratio between the mass in metals heavier than Helium and
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total gas mass). The cooling rate per unit volume is ǫcool ∝
ρ2hot Λ(Thot, Zhot). In GALFORM we adopt the cooling function
tabulated of Sutherland & Dopita (1993).
3.3.2 The formation of spheroids
Galaxy mergers and disk instabilities give rise to the formation of
spheroids and elliptical galaxies. Below we describe both physical
processes.
Galaxy mergers. When DM halos merge, we assume that the
galaxy hosted by the most massive progenitor halo becomes the
central galaxy, while all the other galaxies become satellites orbit-
ing the central galaxy. These orbits gradually decay towards the
centre due to energy and angular momentum losses driven by dy-
namical friction with the halo material.
Eventually, given sufficient time satellites spiral in and merge
with the central galaxy. Depending on the amount of gas and bary-
onic mass involved in the galaxy merger, a starburst can result. The
time for the satellite to hit the central galaxy is called the orbital
timescale, τmerge, which is calculated following Lacey et al. (1993)
as
τmerge = fdf Θorbit τdyn
[
0.3722
ln(ΛCoulomb)
]
M
Msat
. (7)
Here, fdf is a dimensionless adjustable parameter which is fdf > 1
if the satellite’s halo is efficiently stripped early on during the infall,
Θorbit is a function of the orbital parameters, τdyn ≡ π Rv/Vv is
the dynamical timescale of the halo, ln(ΛCoulomb) = ln(M/Msat)
is the Coulomb logarithm, M is the halo mass of the central galaxy
and Msat is the mass of the satellite, including the mass of the DM
halo in which the galaxy was formed.
Lagos et al. (2012) and Gonzalez-Perez et al. (2014) used the
Θorbit function calculated in Lacey et al. (1993),
Θorbit =
[
J
Jc(E)
]0.78 [
rc(E)
Rv
]2
, (8)
where J is the initial angular momentum and E is the energy of the
satellite’s orbit, and Jc(E) and rc(E) are, respectively, the angular
momentum and radius of a circular orbit with the same energy as
that of the satellite. Thus, the circularity of the orbit corresponds
to J/Jc(E). The function Θorbit is well described by a log normal
distribution with median value 〈log10Θorbit〉 = −0.14 and disper-
sion 〈(log10Θorbit−〈log10Θorbit〉)2〉1/2 = 0.26. These values are
not correlated with satellite galaxy properties. Therefore, for each
satellite, the value of Θorbit is randomly chosen from the above
distribution. Note that the dependence of Θorbit on J in Eq 8 is
a fit to numerical estimates. Lacey et al. (2014) use the updated
dynamical friction function of Jiang et al. (2008), which slightly
changes the dependence on the mass ratio of the satellite to the
central galaxy. The net effect of such a change is that minor merg-
ers occur faster, while major mergers occur slower when compared
to the Lacey et al. (1993) prescription.
If the merger timescale is less than the time that has elapsed
since the formation of the halo, i.e. if τmerge < t − tform, we pro-
ceed to merge the satellite with the central galaxy at t. If the to-
tal mass of gas plus stars of the primary (largest) and secondary
galaxies involved in a merger are Mp = Mcold,p + M⋆,p and
Ms =Mcold,s +M⋆,s, the outcome of the galaxy merger depends
on the galaxy mass ratio, Ms/Mp, and the fraction of gas in the
primary galaxy, Mcold,p/Mp:
• Ms/Mp > fellip drives a major merger. In this case all the
stars present are rearranged into a spheroid. In addition, any cold
gas in the merging system is assumed to undergo a burst of SF and
the stars formed are added to the spheroid component. We typically
take fellip = 0.3, which is within the range found in simulations
(e.g. see Baugh et al. 1996 for a discussion).
• fburst < Ms/Mp 6 fellip drives minor mergers. In this case
all the stars in the secondary galaxy are accreted onto the primary
galaxy spheroid, leaving the stellar disk of the primary intact. In
minor mergers the presence of a starburst depends on the cold gas
content of the primary galaxy, as set out in the next bullet point.
• fburst < Ms/Mp 6 fellip and Mcold,p/Mp > fgas,burst
drives a starburst in a minor merger. The perturbations introduced
by the secondary galaxy are assumed to drive all the cold gas from
both galaxies to the new spheroid, producing a starburst. There is
no starburst if Mcold,p/Mp < fgas,burst. The Bau05 and Bow06
models adopt fgas,burst = 0.75 and fgas,burst = 0.1, respectively.
• Ms/Mp 6 fburst results in the primary disk remaining un-
changed. As before, the stars accreted from the secondary galaxy
are added to the spheroid, but the overall gas component (from both
galaxies) stays in the disk, and the stellar disk of the primary is pre-
served. The Bau05 and Bow06 models adopt fburst = 0.05 and
fburst = 0.1, respectively.
Disk instabilities. If the disk becomes sufficiently massive that
its self-gravity is dominant, then it is unstable to small perturba-
tions by satellites or DM substructures. The criterion for instability
was described by Efstathiou et al. (1982) and Mo et al. (1998) and
introduced into GALFORM by Cole et al. (2000),
ǫ =
Vcirc(rd)√
GMd/rs
. (9)
Here, Vcirc(rd) is the circular velocity of the disk at the half-mass
radius, rd, rs is the scale radius of the disk and Md is the disk mass
(gas plus stars). If ǫ < ǫdisk, where ǫdisk is a parameter, then the
disk is considered to be unstable. In the case of unstable disks, stars
and gas in the disk are accreted onto the spheroid and the gas inflow
drives a starburst. Lagos12 and Gonzalez-Perez14 adopt ǫdisk =
0.8, while Lacey14 adopt a slightly higher value, ǫdisk = 0.9.
3.4 Gradual Ram pressure stripping of the hot gas
The standard treatment of the hot gas in accreted satellites in
GALFORM is usually referred to as ‘strangulation’4 of the hot gas.
In this extreme case, the ram pressure stripping of the satellite’s hot
gas reservoir by the hot gas in the main halo is completely efficient
and is assumed to occur as soon as a galaxy becomes a satellite.
This treatment has shown to drive redder colour of satellite galax-
ies (Font et al. 2008). As we are studying ETGs, which tend to be
found more frequently in denser environments, we test the impact
of a more physical and gradual process, the partial ram pressure
stripping of the hot gas, on the neutral gas content of ETGs. Sim-
ulations show that the amount of gas removed from the satellite’s
hot reservoir depends upon the ram pressure experienced which is
turn is determined by the peri-centre of the orbit (McCarthy et al.
2008).
Here we briefly describe the more physical partial ram-
pressure stripping model introduced by Font et al. (2008). The par-
tial ram-pressure stripping of the hot gas is applied to a spheri-
4 Another way this is referred to in the literature is ‘starvation’, but both
terms refer to the same process: complete removal of the hot gas reservoiro
f galaxies when they become satellites.
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cal distribution of hot gas. The model considers that all the host
gas outside the stripping radius, rstr, is removed from the host gas
reservoir and transferred to the central galaxy halo. The stripping
radius is defined as the radius where the ram pressure, Pram, equals
the gravitational restoring force per unit area of the satellite galaxy,
Pgrav . The ram pressure is defined as,
Pram ≡ ρgas,p v
2
sat, (10)
and the gravitational pressure as
Pgrav ≡ αrp
GMtot,sat(rstr) ρgas,s(rstr)
rstr
. (11)
Here, ρgas,p is the gas density of the parent halo, vsat is the ve-
locity of the satellite with respect to the parent halo gas medium,
Mtot,sat(rstr) is the total mass of the satellite galaxy (stellar, gas
and dark matter components) enclosed within rstr and ρgas,s(rstr)
is the hot gas density of the satellite galaxy at rstr. In this model,
rstr is measured from the centre of the satellite galaxy sub-halo.
The coefficient αrp is a geometric constant of order unity. In this
paper we use αrp = 2 which is the value found by McCarthy et al.
(2008) in their hydrodynamical simulations. The hot gas of the par-
ent halo follows the density profile of Eq. 5.
This model assumes that the hot gas of the satellite galaxy in-
side rstr remains intact while the hot gas outside is stripped on ap-
proximately a sound crossing time. In GALFORM, rstr is calculated
at the time a galaxy becomes satellite solving Eq. 10 and setting
the ram pressure to its maximum value, which occurs at the peri-
centre of the orbit of the satellite galaxy. The hot gas outside rstr
is instantaneously stripped once the galaxy crosses the virial radius
of the parent halo. This simplified modelling overestimates the hot
gas stripped between the time the satellite galaxy crosses the virial
radius and the first passage. Font et al. (2008) argue that this is not
a bad approximation as the timescale for the latter is only a small
fraction of the time a satellite galaxy spends orbiting in the parent
halo. Font et al. also argue that in terms of hot gas removal, ram
pressure is the major physical mechanism, while tidal heating and
stripping are secondary effects.
The infall velocity of the satellite galaxy is randomly sam-
pled from the 2-dimensional distribution of infalling velocity of the
dark matter substructures, measured by Benson (2005) from a large
suite of cosmological simulations. Then, the peri-centre radius and
velocity at the peri-centre are computed by assuming that the or-
bital energy and angular momentum are conserved and by treating
the satellite as a point mass orbiting within a Navarro-Frenk-White
gravitational potential with the same total mass and concentration
as the parent halo.
The remaining hot gas in the satellite galaxy halo can cool
down and feed the satellite’s disc. The cooling of this remaining
hot gas is calculated by assuming that the mean density of the hot
gas of the satellite is not altered by the stripping process, and using
a nominal hot halo mass that includes both the current hot gas mass
and the hot gas mass that has been stripped. The difference with the
standard calculation described in § 3.3.1 is that the cooling radius
cannot be larger than rstr. As star formation continues to take place
in satellite galaxies, there will be an additional source of hot gas
which corresponds to the winds escaping the galaxy disk that mix
or evaporate to become part of the hot halo gas. Most of this star
formation takes place when the satellite galaxy is on the outer parts
of its orbit, where the ram pressure is small. Font et al. (2008) then
suggested that a fraction, ǫstrip (less than unity) of this gas is actu-
ally stripped from the hot halo of the satellite. Font et al. discussed
the effects of different values for ǫstrip and adopted ǫstrip = 0.1 to
reproduce the colours of satellite galaxies. Throughout this paper
we adopt the same value for ǫstrip, but we discuss in Appendix A
the effect of varying it.
Finally, in order to account for the growth of the parent halo
and the effect this has on the ram pressure, the ram pressure is re-
calculated for each satellite galaxy every time the parent halo dou-
bles its mass compared to the halo mass at the instant of the initial
stripping event.
We test the effect of partial ram pressure stripping of the hot
gas by including the above modelling into the three variants of
GALFORM, and we refer to the variants with partial ram pressure
stripping of the hot gas as Lagos12+RP, Gonzalez-Perez14+RP and
Lacey14+RP.
3.5 Differences between the Lagos12, Gonzalez-Perez14 and
Lacey14 models
The Lagos12 model is a development of the model originally
described in Bower et al. (2006), which was the first variant of
GALFORM to include AGN feedback as the mechanism suppress-
ing gas cooling in massive halos. The Lagos12 model assumes
a universal initial mass function (IMF), the Kennicutt (1983)
IMF5. Lagos12 extend the model of Bower et al. by including the
self-consistent SF law described in § 3.1, and adopting νSF =
0.5Gyr−1, log(P0/kB[cm
−3K]) = 4.23, where kB is is Boltz-
mann’s constant, and α = 0.8, which correspond to the values of
the parameters reported by Leroy et al. (2008) for local spiral and
dwarf galaxies. This choice of SF law greatly reduces the parameter
space of the model and also extends its predictive power by directly
modelling the atomic and molecular hydrogen content of galaxies.
All of the subsequent models that use the same SF law have also
the ability to predict the HI and H2 gas contents of galaxies. La-
gos12 adopt longer duration starbursts (i.e. larger fdyn) compared
to Bower et al. to improve the agreement with the observed lumi-
nosity function in the rest-frame ultraviolet (UV) at high redshifts.
Lagos12 adopts τmin = 100Myr and fdyn = 50 in Eq. 2. The La-
gos12 model was developed in the Millennium simulation, which
assumed a WMAP1 cosmology (Spergel et al. 2003).
The Gonzalez-Perez14 model updated the Lagos12 model to
the WMAP7 cosmology (Komatsu et al. 2011). A small number
of parameters were recalibrated to recover the agreement between
the model predictions and the observed evolution of both the UV
and K-band luminosity functions. These changes include a slightly
shorter starburst duration, i.e. τmin = 50Myr and fdyn = 10, and
weaker supernovae feedback. See Gonzalez-Perez et al. (2014) for
more details.
The Lacey14 model is also developed in the WMAP7 cos-
mology but it differs from the other two flavours in that it adopts
a bimodal IMF. The IMF describing SF in disks (i.e. the quiescent
mode) is the same as the universal IMF in the other two models, but
a top-heavy IMF is adopted for starbursts (i.e. with an IMF slope
x = 1). This choice motivated by Baugh et al. (2005) who used a
bimodal IMF to recover the agreement between the model predic-
tions and observations of the number counts and redshift distribu-
tion of submillimeter galaxies. We note, however, that Baugh et al.
5 The distribution of the masses of stars formed follows
dN(m)/d lnm ∝ m−x , where N is the number of stars of mass
m formed, and x is the IMF slope. For a Kennicutt (1983) IMF, x = 1.5
for masses in the range 1M⊙ 6 m 6 100M⊙ and x = 0.4 for masses
m < 1M⊙.
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adopted a more top-heavy IMF for starbursts with x = 0. The stel-
lar population synthesis model used for Lacey14 is also different.
While both Lagos12 and Gonzalez-Perez14 use Bruzual & Charlot
(2003), the Lacey14 model uses Maraston (2005). Another key dif-
ference between the Lacey14 model and the other two GALFORM
flavours considered here, is that Lacey14 adopt a slightly larger
value of the SF efficiency rate, νSF = 0.74Gyr−1, still within
the range allowed by the most recent observation compilation of
Bigiel et al. (2011), making SF more efficient.
3.6 The N -body simulations and cosmological parameters
We use halo merger trees extracted from the Millennium cos-
mological N-body simulation (adopting WMAP1 cosmology;
Springel et al. 2005) and its WMAP7 counterpart. The Millennium
simulation6 has the following cosmological parameters: Ωm =
ΩDM + Ωbaryons = 0.25 (giving a baryon fraction of 0.18),
ΩΛ = 0.75, σ8 = 0.9 and h = 0.73. The resolution of the N -
body simulation is fixed at a halo mass of 1.72 × 1010h−1M⊙.
Lagos et al. (2014) show that much higher resolution merger trees
are needed to fully resolve the HI content of galaxies from z = 0
to z = 10. However, in this work we are concerned about galax-
ies with LK & 109 L⊙, which are well resolved in the Millennium
simulations. The Lacey14 and Gonzalez-Perez14 were developed
in the WMAP7 version of the Millenniun simulation, where the
cosmological parameters are Ωm = ΩDM + Ωbaryons = 0.272
(with a baryon fraction of 0.167), ΩΛ = 0.728, σ8 = 0.81 and
h = 0.704 (WMAP7 results were presented in Komatsu et al.
2011).
Throughout this work we show gas masses in units of M⊙,
luminosities in units of L⊙ and number densities in units of
Mpc−3 dex−1. This implies that we have evaluated the h factors.
The largest difference driven by the different cosmologies is in the
number density, but this is only 0.05 dex, which is much smaller
than the differences between the models or between model and ob-
servations.
4 THE NEUTRAL GAS CONTENT OF LOCAL
EARLY-TYPE GALAXIES: MODELS VS.
OBSERVATIONS
In this section we compare the predicted properties of ETGs in the
three variants of GALFORMwith and without the inclusion of partial
ram pressure stripping of the hot gas. This modification has little ef-
fect on the local bJ -band and K-band luminosity functions in the
three variants of GALFORM. These observables are usually consid-
ered to be the main constraints for finding the best set of model pa-
rameters (see for example Bower et al. 2010 and Ruiz et al. 2013).
Other z = 0 properties, such as half-mass radii, gas and stellar
metallicity, are also insensitive to the inclusion of partial ram pres-
sure stripping. We therefore conclude that the partial ram pressure
stripping versions of the three GALFORM models provide a repre-
sentation of the local Universe as good as the standard models.
The first comparison we perform is the fraction of galaxies
that are ETGs as a function of galaxy luminosity. This is a crucial
6 Data from the Millennium simulation is avail-
able on a relational database accessible from
http://galaxy-catalogue.dur.ac.uk:8080/Millennium.
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Figure 3. Fraction of ETGs as a function of the rest-frame r-band absolute
magnitude, for the Lagos12, Lacey14, Gonzalez-Perez14 and the variants
including partial ram pressure of the hot gas (‘+RP’), as labelled. Early-
type galaxies in the models are those with a bulge-to-total stellar mass ratio
B/T > 0.5. The shaded regions correspond to the observational estimates
of Benson et al. (2007) and Gonza´lez et al. (2009) using the SDSS, as la-
belled. In the case of Gonza´lez et al. (2009) the upper limit of the shaded
region is given by the Se´rsic index selection, while the lower limit is given
by the concentration selection (see text for details).
step in our analysis, as we aim to characterise the neutral gas con-
tent of the ETG population. Throughout we will refer to ETGs in
the model as those having bulge-to-total stellar mass ratios, B/T ,
> 0.5. Although this selection criterion is very sharp and has been
analysed in detail in the literature (see for example Weinzirl et al.
2009 and Khochfar et al. 2011), we find that our results are not sen-
sitive to the thresholdB/T selecting ETGs, as long at this threshold
is B/T > 0.3. We analyse this selection criterion in more detail in
§ 5.
Fig. 3 shows the fraction of ETGs, fearly, as a function of the
r-band absolute magnitude at z = 0 for the three GALFORMmodels
described in § 3.5 and their variants including partial ram pressure
of the hot gas. Observational estimates of fearly are also shown in
Fig. 3, for three different ways of selecting ETGs. The first one
corresponds to Benson et al. (2007), in which a disc and a bulge
component were fitted to r-band images of 8, 839 bright galaxies
selected from the SDSS Early Data Release. The free parameters
of the fitting of the disk and bulge components of each galaxy are
the bulge ellipticity and disc inclination angle, i. The second cor-
responds to Gonza´lez et al. (2009), where the r-band concentra-
tion, c, and Se´rsic index, n, of the SDSS were used to select ETGs:
c > 2.86 or n > 2.5. The upper and lower limits in the shaded
region for the Gonzalez et al. measurements correspond to the two
early-type selection criteria.
All the models predict a trend of increasing fearly with in-
creasing r-band luminosity in good agreement with the obser-
vations within the errorbars. Note that the inclusion of partial
c© 2011 RAS, MNRAS 000, 1–20
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Figure 4. Molecular-to-atomic hydrogen mass ratio, MH2/MHI, as a func-
tion of the bulge-to-total luminosity in the B-band, (B/T )B , in the same
models of Fig. 3 (lines as labelled in Fig. 3), for galaxies with absolute
B-band magnitudes, MB − 5 log(h) < −19. Lines show the median of
the relations for each model and the 10 and 90 percentiles are only shown
for the Gonzalez-Perez14+RP model, as an illustration of the dispersion.
The other model show very similar 10 and 90 percentiles. Observational
results from Young & Knezek (1989), Bettoni et al. (2003), Leroy et al.
(2008) (THINGS sample), Lisenfeld et al. (2011) (AMIGA sample) and
Boselli et al. (2014b) (HRS sample) are shown as symbols, as labelled, and
we combine them so that B/T < 0.2 corresponds to Irr, Sm, Sd galax-
ies; 0.2 < B/T < 0.5 corresponds to Sc, Sb, Sa galaxies; B/T > 0.5
corresponds to E and S0 galaxies (see de Vaucouleurs et al. 1991 for a de-
scription of each morphological type).
ram pressure stripping of the hot gas leads to a slightly larger
fearly in galaxies with Mr − 5 log(h) > −18 in the three vari-
ants of GALFORM. The same happens for the brightest galaxies,
Mr−5 log(h) < −22. Both trends are due to the higher frequency
of disk instabilities in the models when partial ram pressure strip-
ping is included; the continuous fueling of neutral gas in satellite
galaxies due to cooling from their hot halos (which in the case of
partial ram pressure stripping is preserved to some extent) drives
more star formation in discs, lowering the stability parameter of
Eq. 9. These lower stability parameters result in more disk insta-
bilities, driving the formation of spheroids. The space allowed by
the observations is large enough so that we cannot discriminate be-
tween models.
4.1 The H2-to-HI mass ratio dependence on morphology
It has been shown observationally that the ratio between the H2
and HI masses correlates strongly with morphological type, with
ETGs having higher H2/HI mass ratios than late-type galaxies (e.g.
Young & Knezek 1989; Bettoni et al. 2003; Lisenfeld et al. 2011;
Boselli et al. 2014b). Fig. 4 shows the H2/HI mass ratio in the
models as a function of the bulge-to-total luminosity ratio in the
B-band, B/TB, for all galaxies with B-band absolute magnitude
of MB − 5 log(h) < −19. This magnitude limit is chosen as it
roughly corresponds to the selection criteria applied to the obser-
vational data shown in Fig. 4. The observational data have morpho-
logical types derived from a visual classification of B-band images
(de Vaucouleurs et al. 1991), and have also been selected in blue
bands (e.g. Simien & de Vaucouleurs 1986; Weinzirl et al. 2009).
The models predict a relation between the H2/HI mass ratio
and B/TB that is in good agreement with the observations. Note
that, for B/TB < 0.2, the models slightly overpredict the me-
dian H2/HI mass ratio. The latter has been also observed in the
recent Herschel Reference Survey (HRS, Boselli et al. 2014b; stars
in Fig. 4) for galaxies of morphological types later than Sd (includ-
ing irregular galaxies). In GALFORM there is a monotonic relation
between H2/HI mass ratio and stellar mass in a way that H2/HI de-
creases with decreasing stellar mass (see Lagos et al. 2011a for a
detailed discussion). On the other hand the relation between stellar
mass and B/T is not monotonic, in a way that the median stel-
lar mass in the lowest B/T bins (B/T < 0.1) is higher than at
B/T ∼ 0.2. This drives the slight increase of H2/HI at the lowest
B/T . The physical reason why B/T is not monotonically corre-
lated to stellar mass is because environment plays an important role
in the morphology (for example in the number of galaxy mergers,
and disk instabilities), which makes it a more transient property of
galaxies, while stellar mass is not necessarily correlated to envi-
ronment but to halo mass. This will be discussed in more detail in
paper II.
Of the three GALFORM variants, the model that predicts the
steepest slope for the relation between H2/HI mass ratio and B/T
is the Lacey14 model. However, when including partial ram pres-
sure stripping of the hot gas, all the models show a slight increase
in this slope, with ETGs having higher H2/HI mass ratios. This
comes from the higher gas surface densities that ETGs have on av-
erage when including partial ram pressure, which drive higher hy-
drostatic pressure. The strangulation scenario, which removes the
hot gas instantaneously, drives a quick depletion of the cold gas
reservoir in galaxies as star formation continues, while in the par-
tial ram pressure scenario the cold gas reservoir is still replenished
due to continuous inflow of gas from the satellite’s remaining hot
halo.
4.2 The HI content of early-type galaxies
Fig. 5 shows the model predictions for the HI mass function for
all galaxies (top panel), for the subsample of galaxies with K-band
luminosities LK > 6× 109 L⊙ (middle panel), and for ETGs with
the same K-band luminosity cut (bottom panel). The observational
results in Fig. 5 are described in § 2. For the overall galaxy popula-
tion (top panel of Fig. 5), the six models provide a good description
of the HI mass function, and the inclusion of partial ram pressure
stripping of the hot gas has little effect.
For the galaxy population with LK > 6 × 109 L⊙ (middle
panel of Fig. 5), the Lagos12 and Gonzalez-Perez14 models pre-
dict a slightly lower number density at the peak of the HI mass dis-
tribution compared to the observations, while the Lacey14 model
predicts a HI mass distribution in good agreement with the obser-
vations throughout the full HI mass range. Note that the inclusion
of partial ram pressure stripping of the hot gas has the effect of in-
creasing the number density of galaxies with 108M⊙ < MHI <
3 × 109M⊙, and decreasing the number density of galaxies with
MHI < 10
8M⊙. The reason for this is that many of the galax-
ies with low HI masses (MHI < 108M⊙) become more gas rich
c© 2011 RAS, MNRAS 000, 1–20
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Figure 5. Top panel: The HI mass function of all galaxies at z = 0 for the
models Lagos12, Lacey14 and Gonzalez-Perez14 and its variants including
partial ram pressure stripping of the hot gas (‘+RP’), as labelled. Observa-
tions correspond to Zwaan et al. (2005) (triangles) and Martin et al. (2010)
(diamonds). The shaded region shows the range where the number density
of galaxies decline due to halo mass resolution effects. Middle panel: as
in the top panel, but here the HI mass function is shown for galaxies with
K-band luminosities LK > 6 × 109 L⊙. Observations correspond to the
analysis of HIPASS presented in § 2. Bottom panel: as in the top panel but
for ETGs (those with a bulge-to-total stellar mass ratio > 0.5) and K-band
luminosities LK > 6 × 109 L⊙. Observations correspond to the analysis
of HIPASS (circles) and the ATLAS3D (with and without volume correc-
tion as filled and empty stars, respectively) surveys containing galaxies with
LK > 6× 10
9 L⊙ and described in § 2.
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Figure 6. Top panel: the distribution function of the ratio between the HI
mass and the K-band luminosity for the same models shown in Fig. 5 for
galaxies with LK > 6× 109 L⊙. Observations correspond to the analysis
of HIPASS presented in § 2. Bottom panel: As in the top panel but for
ETGs (B/T > 0.5) with LK > 6× 109 L⊙. Observations correspond to
the analysis of HIPASS (circles) and ATLAS3D (stars) presented in § 2.
when partial ram pressure stripping is included compared to the
case of strangulation of the hot gas, and move to higher HI masses
(108M⊙ < MHI < 3 × 109M⊙). This slight change improves
the agreement with the observations in the three GALFORM mod-
els, particularly around the turnover at MHI ≈ 5× 109M⊙ in the
mass function shown in the middle panel of Fig. 5.
In the case of ETGs with LK > 6× 109 L⊙ (bottom panel of
Fig. 5), the Lagos12 model predicts a number density of galaxies
with 109M⊙ < MHI < 1010M⊙ lower than observed, while the
predictions from the Gonzalez-Perez14 and Lacey14 models agree
well with the observations. The inclusion of partial ram pressure
stripping of the hot gas in the three models has the effect of increas-
ing the number density of ETGs with HI masses MHI > 108M⊙.
This increase allows the models to get closer to the observations,
and particularly the Lacey14+RP model predicts a HI mass func-
tion of ETGs in very good agreement with the observations.
The HI mass function has become a standard constraint
on the GALFORM model since Lagos et al. (2011a). However,
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Lemonias et al. (2013) show that a stronger constraint on simu-
lations of galaxy formation is provided by the conditional mass
function of gas, or similarly, the gas fraction distribution. Here, we
compare the predictions for the HI gas fraction distribution func-
tion with observations in Fig. 6. The HI gas fraction is taken with
respect to the K-band luminosity to allow direct comparisons with
the observations without the need of having to convert between dif-
ferent adopted IMFs, which would be the case if stellar mass was
used. Mitchell et al. (2013) show that when simulations and ob-
servations adopt different IMF, the comparison between the stellar
masses predicted by the models and observations is misleading. In-
stead, a full SED fitting needs to be performed to make a fair com-
parison in such a case. Note that the same applies when the star
formation histories adopted in the observations differ significantly
from the simulated galaxies.
The top panel of Fig. 6 shows the predicted HI gas fraction for
galaxies with LK > 6×109 L⊙. The observations are described in
§ 2. The Lagos12 and Gonzalez-Perez14 models predict a peak of
the gas fraction distribution at higher gas fractions than observed,
while the Lacey14 predicts a peak closer to the observed one (i.e.
MHI/LK ≈ 0.15M⊙/L⊙). The galaxies at the peak of the HI
gas fraction distribution also lie in the main sequence of galaxies
in the SFR-stellar mass plane (Lagos et al. 2011b). The inclusion
of partial ram pressure of the hot gas increases the number den-
sity of galaxies with HI gas fractions MHI/LK > 10−3M⊙/L⊙
and reduces the number density of galaxies with lower HI gas frac-
tions. The physical reason behind these trends is that the inclusion
of partial ram pressure stripping increases the HI gas fraction of gas
poor galaxies, compared to the strangulation scenario, due to re-
plenishment of their cold gas reservoir. The bottom panel of Fig. 6
shows the HI gas fraction distribution of ETGs (B/T > 0.5) with
LK > 6×10
9 L⊙. The HI gas fraction distribution of ETGs is very
different from that of all galaxies, showing a much broader distri-
bution with a tail to very low HI gas fractions in all six models. The
Lagos12 and Gonzalez-Perez14 models predict lower HI gas frac-
tions for ETGs than observed, while the predictions from Lacey14
are closer to the observations. By including partial ram pressure
stripping of the hot gas, the HI gas fractions increase in all the mod-
els due to the replenishment of the cold gas reservoirs in satellite
galaxies. The predictions of the Lacey14+RP model are a very good
description of the observations, with a peak in the number density
of ETGs in the range MHI/LK ≈ 0.002− 0.02M⊙/L⊙. Overall,
the HI content of ETGs is moderately sensitive to the treatment of
the hot gas content of satellite galaxies, while the overall galaxy
population does not show the same sensitivity to this physical pro-
cess due to the dominance of central galaxies.
4.3 The H2 content of early-type galaxies
The top panel of Fig. 7 shows the predicted H2 mass functions
for all galaxies. The observations are from Keres et al. (2003) and
are described in § 2. All the models provide a good description of
the observations. The largest differences between the models are
at the high-mass end. The Gonzalez-Perez14 model predicts the
highest number densities of galaxies with MH2 > 5 × 109M⊙,
although it is still in agreement with the observations within the
errorbars. Note that the inclusion of partial ram pressure strip-
ping of the hot gas leads to very little change. This is due to
the dominance of central galaxies in the H2 mass function, which
are only indirectly affected by the treatment of partial ram pres-
sure stripping. In the bottom panel of Fig. 7 we show the H2
mass function of ETGs (B/T > 0.5) with K-band luminosities
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Figure 7. Top panel: the H2 mass function at z = 0 for all galaxies in the
Lagos12, Lacey14 and Gonzalez-Perez14 models and their variants includ-
ing partial ram pressure stripping of the hot gas (‘+RP’). Observations from
the 60µm (downwards pointing triangles) and B-band (triangles) samples
of Keres et al. (2003) are also shown (see § 2). Bottom panel: as in the top
panel but for ETGs (B/T > 0.5) with LK > 6 × 109 L⊙. Observa-
tions correspond to ETGs from the ATLAS3D survey with (filled stars) and
without (open stars) volume correction (see § 2 for details).
LK > 6× 10
9 L⊙. The differences between the models are signif-
icant: the Lagos12, Gonzalez-Perez14 and Lacey14 models predict
a number density of ETGs with H2 masses MH2 > 107M⊙ much
lower than is observed, by factors of 10, 6 and 4, respectively. It is
only when partial ram pressure stripping of the hot gas is included
that their predictions get closer to the observations. In particular,
the Lacey14+RP model predicts a number density of ETGs with
MH2 > 10
7M⊙ that is very close to the observations. The La-
gos12+RP and Gonzalez-Perez14+RP models are still a factor of
3− 4 lower than the observations. At the high-mass end of the H2
mass function for all galaxies (top panel of Fig. 7), the contribution
from ETGs is significant (although not dominant), while for the
HI, ETGs are only a minor contribution. The reason for this is sim-
ply the higher H2-to-HI mass ratios in ETGs compared to late-type
galaxies (see Fig. 4).
Fig. 8 shows the H2 gas fraction distribution for ETGs with
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Figure 8. The distribution function of the ratio between the H2 mass and
the K-band luminosity for ETGs (B/T > 0.5) with LK > 6 × 109 L⊙,
for the models as labelled. Observations correspond to ETGs from the
ATLAS3D survey (see § 2 for details of the observational dataset).
LK > 6×10
9 L⊙ for the same six models of Fig. 7. Similarly to the
H2 mass function, the Lagos12 and Gonzalez-Perez14 models pre-
dict a number density of ETGs with MH2/LK > 10−3M⊙/L⊙
lower than observed, while their variants including partial ram pres-
sure stripping of the hot gas predict higher number densities, in
better agreement with the observations. The Lacey14+RP model
provides the best description of the observed H2 gas fractions. The
physical reason for the higher number density of H2 ‘rich’ ETGs
in the models including partial ram pressure stripping of the hot
gas is that the replenishment of the cold gas reservoir leads to an
increase in the surface density of gas. Since the HI saturates at
ΣH2 ≈ 10M⊙ pc
−2
, due to H2 self-shielding at higher densities,
the effect of cold gas replenishment in the ISM has a stronger effect
on the H2 reservoir than on the HI.
The incorporation of partial ram pressure stripping of the hot
gas brings the models into better agreement with the observed
gas fractions of galaxies, and particularly of ETGs. This indi-
cates that partial ram pressure of the hot gas is relevant in a wide
range of environments. Note that do not include any description
of the ram pressure stripping of the cold gas, which has been
shown to take place in clusters through observations of the HI
and H2 contents of galaxies in the Virgo cluster (e.g. Cortese et al.
2011; Boselli et al. 2014a). However, no deficiency of HI or H2
has been observed in galaxies in environments other than clusters.
Tecce et al. (2010) using galaxy formation models show that ram
pressure stripping of the cold gas is relevant only in halos with
Mhalo > 3 × 10
14 h−1M⊙. Since most of the galaxies in the
ATLAS3D and HIPASS surveys are not cluster galaxies, we ex-
pect the effect of the ram pressure stripping of the cold gas to be
insignificant in our analysis.
The study of the neutral gas content of ETGs offers indepen-
dent constraints on the modelling of the ram pressure stripping of
the hot gas. Font et al. (2008) used the fraction of passive to active
galaxies as the main constraint on the satellite’s hot gas treatment.
Here we propose that the exact levels of activity or cold gas con-
tent of galaxies that are classified as passive offer new, independent
constraints.
The Lacey14+RP model agrees the best with the observations
of HI and H2 in different galaxy populations. This is the first time
such a successful model is presented. Serra et al. (2014) use a sam-
ple of hydrodynamical simulations of galaxies and find that the sim-
ulations have difficulties reproducing the HI masses of ETGs. This
may partially be due to the small sample of simulated ETGs anal-
ysed by Serra et al. (50 in total). Here, by taking the full simulated
galaxy population, we can make a statistically robust comparison
with the observed ETG population.
4.4 Expectations for the evolution of the HI and H2 mass
functions
In the near future, the Australian Square Kilometer Array (ASKAP)
and the South African Karoo Array Telescope (MeerKAT) will be
able to trace the evolution of the HI gas content of ETGs towards
redshifts higher than z = 0.1, while current millimeter telescopes,
such as the Plateau de Bure Interferometer and the Atacama Large
Millimeter Array (ALMA), can already trace H2 in ETGs. To pro-
vide insights into the expected redshift evolution of the HI and H2
mass functions of ETGs, we show in Fig. 9 the predictions for the
mass functions at z = 0 and z = 1 for the Lagos12+RP and
Lacey14+RP models, which give the lowest and highest number
densities of ETGs (see Figs. 5 and 7).
The top panel of Fig. 9 shows that both models predict an ETG
HI mass function weekly evolving with redshift. On the contrary, a
large increase in the number density of ETGs with large H2 masses,
MH2 > 10
10M⊙, from z = 0 to z = 1 is predicted by both
models (bottom panel of Fig. 9). This is driven by the predicted
increase of the H2/HI mass ratio as well as an increase in the overall
gas content of ETGs with increasing redshift. Lagos et al. (2011a)
and Lagos et al. (2014) present detailed studies which unveil the
physics behind this evolution. In short this is due to a combination
of higher gas contents and more compact galaxies at high redshift,
which increase the hydrostatic pressure in galaxies, and therefore
the H2/HI mass ratio.
5 THE MORPHOLOGICAL TRANSFORMATION AND
QUENCHING OF GALAXIES
A key aspect in the analysis performed here is the morphologi-
cal selection of ETGs. Observationally, morphologies are derived
from visual inspection of optical images of galaxies (see for ex-
ample Cappellari et al. 2011 for the ATLAS3D survey sample se-
lection). This means that among the galaxies selected as early-type
there could be contamination by edge-on spirals that are gas poor,
and that therefore would appear red with no spiral arms. Follow-
ing this argument, Khochfar et al. (2011) suggested that to select
ETGs in the models that are comparable to the observed ones one
needs to include truly bulge dominated objects, which are selected
by their bulge-to-total mass ratio, and late-type galaxies, which are
gas poor. Khochfar et al. suggest the following selection to select
early-type looking galaxies: B/T > 0.5 and B/T < 0.5 with gas
fractions < 0.1. Note that of the latter subpopulation, only the frac-
tion that are edge-on oriented will be confused as early-types, and
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Figure 9. Top panel: The HI mass function of ETGs (B/T > 0.5) at z = 0
and z = 1 for the Lagos12+RP and Lacey14+RP models. Observations are
as in the bottom panel of Fig. 5. Bottom panel: As in the top panel, but for
H2. Observations are as in the bottom panel of Fig. 7.
therefore only a small fraction will contribute to the ETG popula-
tion. We assume random inclinations for late-type galaxies, select
those that have inclination angles > 45◦ and add them to the sam-
ple of galaxies with B/T > 0.5. The HI mass function and gas
fractions of ETGs obtained using this selection criterion are shown
in Fig. 10 and Fig. 11, respectively, for the Lacey14+RP model.
The focus on the latter model as it predicts HI and H2 masses of
ETGs in best agreement with the observations. The effect of in-
cluding the contamination from gas poor late-type galaxies is very
small and therefore does not change the results presented earlier.
Another interesting question is how much the B/T threshold
to select ETGs in the model affects our results. In order to answer
this question we show in Fig. 10 and Fig. 11 different B/T thresh-
olds to select ETGs in the Lacey14+RP model. B/T thresholds
lower than 0.5 have the expected impact of increasing the num-
ber density of galaxies compared to the canonical value of 0.5,
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Figure 10. The HI mass function for galaxies with LK > 6 × 109 L⊙ in
the Lacey14+RP model. Galaxy populations with different bulge-to-total
mass ratios are shown: all galaxies (solid thick line), B/T > 0 (solid
thin line), B/T > 0.1 (dotted line), B/T > 0.3 (triple dot-dashed line),
B/T > 0.5 (dashed line) and B/T > 0.7 (long dashed line). We also
show the HI mass function for ETGs selected in an alternative way: in addi-
tion to those with B/T > 0.5, galaxies with B/T < 0.5 that are gas poor,
Mgas/Mstellar = fgas < 0.1, can also appear as early-types. The latter
values are consistent with those presented in Khochfar et al. (2011)).
particularly at MHI > 107M⊙, MHI/LK > 5 × 10−3M⊙/L⊙
and throughout the whole H2 gas fraction range. This increase is
of a factor of 2 for B/T = 0.3 and 7 for B/T = 0.1. In ad-
dition, about 40% of the galaxies with LK > 6 × 109 L⊙ are
pure disks (no bulges; see difference between thick and thin solid
lines in Fig. 10 and Fig. 11), which are mainly located around the
peaks of the HI and H2 gas fraction distributions of all galaxies
with LK > 6 × 109 L⊙ (see Fig. 11). This shows that the devel-
opment of a small bulge is connected with an important gas deple-
tion in galaxies. Spheroids in the model are formed when galaxies
undergo a starburst, either driven by a galaxy merger or a global
disk instability. The fact that these galaxies remain bulge domi-
nated is because large disks fail to regrow after the formation of the
spheroid. To adopt a higher B/T threshold has the expected effect
of lowering the number density of ETGs.
The number density of galaxies with low HI content is only
weekly dependent on the B/T threshold. This is due to a connec-
tion between low gas fractions and large B/T ; i.e. if a galaxy has
a large bulge fraction it will also be gas poor. This has been ob-
served in the ATLAS3D (Cappellari et al. 2013), where ETGs with
the largest velocity dispersions (a tracer of bulge fraction) have the
lowest gas fractions. This implies that the modelling of the morpho-
logical transformation in GALFORM is able to capture the processes
that lead to the relation between bulge fraction and gas depletion.
Thresholds of B/T used to select ETGs which are in the range
0.3 − 0.6 produce similar results and therefore does not affect the
analysis presented here.
The key question is why do galaxies fail to rebuild large disks
and remain spheroid dominated with low gas fractions? First of
all, ETGs have relatively old stellar populations as we will see
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Figure 11. Same as Fig. 10 but for the HI gas fraction (top panel) and H2
gas fraction (bottom panel) distribution functions.
in § 6, and therefore we need to understand why after the forma-
tion of bulges, galaxy disks fail to reaccrete significant quantities
of gas to keep forming stars at the level of the main sequence of
galaxies in the SFR-Mstellar plane. This question is then related
to the physical mechanisms quenching star formation in ETGs. In
order to understand why large disks fail to regrow, we first look
into the nature of galaxies with B/T > 0. The top panel of
Fig. 12 shows the HI mass function of galaxies with B/T > 0 and
LK > 6× 10
9 L⊙ separated into centrals and satellites. The satel-
lite galaxy population makes up most of the tail of low HI masses,
MHI < 5× 10
8M⊙. These galaxies have little cold gas replenish-
ment after they become satellites as they continuously lose part of
their hot gas reservoir due to the continuous action of ram pressure
stripping. This has the consequence of lowering the cooling rates.
However, satellite galaxies do preserve some neutral gas reservoir;
i.e. they hardly completely deplete their gas content. The mecha-
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Figure 12. Top panel: The HI mass function for galaxies with B/T > 0
andLK > 6×109 L⊙ separated into central (solid line) and satellite galax-
ies (dashed line) in the Lacey14+RP model. The subpopulation of central
galaxies with AGN heating the hot halo of galaxies is also shown as dot-
dashed line. Observations correspond to the analysis of HIPASS galaxies
with LK > 6 × 109 L⊙. Bottom panel: Same as in the top panel but for
galaxies with B/T > 0.5. Observations here correspond to the ATLAS3D
and HIPASS, described in § 2.
nism for this is connected to the dependence of the star formation
timescale with the gas surface density. Low gas surface densities
produce low H2/HI ratios and low SFRs. As the gas is being de-
pleted, the star formation timescale becomes longer and longer, al-
lowing satellite galaxies to retain their gas reservoir. This mecha-
nism drives the population of satellite galaxies with low gas frac-
tions. This is consistent with observations, where there is a non
negligible fraction of ETGs with H2 and/or HI contents detected in
high mass groups or clusters (e.g. Young et al. 2011).
In the case of central galaxies, there is a population with HI
masses MHI > 10
9M⊙ and HI gas fractions of ≈ 0.15M⊙/L⊙
that have cooling rates large enough to replenish their cold gas
contents. The tail of central galaxies with low HI masses, i.e.
MHI < 10
9M⊙, fail to replenish their gas reservoirs and rebuild
a new disk due to the effect of AGN heating their hot halo (see
dashed line in the top panel of Fig. 12). In GALFORM, AGN feed-
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Figure 13. HI gas fraction as a function of the bulge-to-total stellar mass for
galaxies in the Lacey14+RP model with LK > 6×109L⊙. The solid lines
and errorbars represent the median and 10 and 90 percentiles of the distribu-
tion. In colours we show the mean bulge mass in 2-dimensional bins of HI
gas fraction and B/T , in an arbitrary region encompassing the errorbars.
The mean bulge masses are as labelled in the bar at the top of the figure.
The wiggle features in the coloured region are an artifact of the binning.
back acts in halos where the cooling time is larger than the free fall
time at the cooling radius (‘hot accretion’ mode; Fanidakis et al.
2012). In these halos, the AGN power is examined and if it is
greater than the cooling luminosity, the cooling flows are switched
off (see Bower et al. 2006). This means that in central galaxies un-
der the action of AGN feedback, there will be no further gas accre-
tion onto the galaxy, driving a low HI and H2 gas contents. Note
that, in the model, the close connection between bulge fraction and
gas depletion naturally arises in galaxies where AGN feedback op-
erates. This is because the black hole grows together with the bulge
(Fanidakis et al. 2012). The consequence of this is that large black
hole masses, hosted by large bulges, are capable of large mechani-
cal luminosities which can more easily affect their hot halo. These
large bulges are also connected to large bulge-to-total stellar mass
ratios due to the impeded disk regrowth.
We show the HI gas fraction as a function of B/T in Fig. 13
with the background colour scheme showing the mean bulge mass
in 2-dimensional bins of HI gas fraction and B/T . There is a clear
anti-correlation between the HI gas fraction and B/T . In addition,
at a fixed B/T there is a trend of increasing HI gas fraction with
decreasing bulge mass. The latter is related to the stronger AGN
feedback in higher mass bulges that lead to gas depletion. Recent
high redshift observations show evidence for the strong connection
between quenching and bulge mass (Lang et al. 2014). Lang et al.
point to the bulge mass as a fundamental property related to star
formation quenching, rather than the bulge fraction, which in our
model is also understood due to the effect of AGN feedback.
Focusing on the population of galaxies with B/T > 0.5
(bottom panel of Fig. 12), one can find similar trends. Most of
the galaxies with MHI < 108M⊙ correspond to satellite galax-
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Figure 14. Host halo mass distribution for ETGs (B/T > 0.5) in the
Lacey14+RP model that are satellites (dashed line), centrals under the ac-
tion of AGN feedback (dot-dashed line) and centrals without AGN feedback
(solid line).
ies, while the central galaxy population is responsible for the mas-
sive end of the HI mass function. The tail of central galaxies with
MHI < 5 × 10
8M⊙ is under the influence of AGN feedback
which explains the low HI contents. There is a subpopulation of
ETGs with large HI masses and gas fractions, MHI > 109M⊙
and MHI/LK & 0.1M⊙/L⊙, respectively. The latter population
is also the one living in low mass haloes. Fig. 14 shows the dis-
tribution of masses of the halos hosting ETGs in the Lacey14+RP
model. ETGs with the highest HI gas contents, which correspond
to centrals without AGN feedback (see Fig. 12), are hosted by
low mass halos, with a median host halo mass of 3 × 1011M⊙;
centrals with AGN feedback on are hosted by higher mass ha-
los, with median masses of 2 × 1012M⊙, while satellites are dis-
tributed throughout a wider range of halo masses, with a median
mass of 3 × 1013M⊙. In the observations similar trends are seen.
Young et al. (2011) show that the ETGs with the highest H2 masses
also reside in the lowest density environments, which in our model
correspond to ETGs that are central galaxies and are not undergo-
ing AGN feedback. Similarly, Serra et al. (2012) reported that the
HI mass as well as the ratioMHI/LK decrease with increasing den-
sity of the environment. We find that these trends are simply a re-
flection of the halo masses in which either AGN feedback switches
on or environmental quenching acts more effectively (where ram
pressure stripping of the hot gas is effective enough to remove sig-
nificant amounts of hot gas).
Our conclusion is that most ETGs with low gas fractions cor-
respond to satellite galaxies, which due to environmental quenching
(partial ram pressure stripping of the hot gas), are unable to regrow
a significant disk. The rest of the ETGs with low gas fractions are
central galaxies under the action of AGN feedback. The break at
the high end of the HI gas fraction distribution, traced by HIPASS,
is due to a population of ETGs with large HI masses that are still
forming stars at the same level of spiral galaxies.
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6 THE COMPETING SOURCES OF THE NEUTRAL GAS
CONTENT OF EARLY-TYPE GALAXIES
One the aims of this paper is to answer the question: what is the
source of the HI and H2 gas contents in ETGs? We follow all the
gas sources throughout the star formation history of galaxies iden-
tified as ETGs today: radiative cooling from hot halos (which we
refer to as ‘cooling’), mass loss from old stars (which we refer to
as ‘recycling’) and galaxy mergers (see Appendix B for details of
how we do this). Note that in our model the recycled mass from old
stars does not incorporate into the hot halo and therefore it can be
distinguished from the gas coming from cooling.
We study the sources of the gas in ETGs in two of the models
shown in § 4 to find general trends present in the different models as
well as variations between them. We focus here on the Lagos12+RP
and Lacey14+RP models as, after including partial ram pressure
stripping of the hot gas, they give the lowest and highest number
densities of ETGs, respectively.
We first estimate the fraction of ETGs that have neutral gas
masses (MHI +MH2 ) > 107M⊙. We find that 58% of ETGs with
K-band luminosities LK > 6× 109 L⊙ in the Lacey14+RP model
and 65% in the Lagos12+RP model have MHI+MH2 > 107M⊙.
We analyse these sub-samples of ETGs and estimate the fraction
of the ETGs with neutral gas contents supplied mainly by merg-
ers, recycling or cooling (summarised in Table 1). Most ETGs have
neutral gas contents supplied predominantly by cooling. A smaller
percentage have neutral gas contents supplied mainly by mergers
(≈ 8% for the Lacey14+RP and 17% for the Lagos12+RP model)
or by recycling (≈ 1.5% for the Lacey14+RP and 0.8% for the
Lagos12+RP model). The latter percentages are not sensitive to the
K-band luminosity or stellar mass of ETGs. However, they are sen-
sitive to the current neutral gas content and halo mass. In order to
get an insight into the properties of ETGs that have different gas
suppliers, we show in Table 1 the fraction of ETGs that had a mi-
nor merger in the last 1 Gyr, the fraction of these that increased
the neutral gas content by at least a factor of 2, and the fraction of
ETGs that had a starburst driven by either a galaxy merger or a disk
instability in the last 1 Gyr. The main conclusions we draw from
Table 1 are:
• Minor mergers took place in a tenth of the ETG population
with LK > 6 × 109 L⊙ and MHI +MH2 > 107M⊙ in the last
1 Gyr in the Lacey14+RP model. Only 10% of these resulted in a
starburst, although none of these starbursts made a significant con-
tribution to the stellar mass build-up (mass weighted stellar ages
are usually > 7 Gyr). The large percentage of minor mergers that
did not drive starbursts in the last 1 Gyr is due to the very low mass
ratios between the accreted galaxy and the ETG, which is on av-
erage ≈ 0.05. Such small mass ratios are not considered to drive
starbursts in GALFORM unless they are very gas rich (see § 3.3.2).
For the Lagos12+RP model the fraction of galaxies that had a mi-
nor merger in the last 1 Gyr is higher, 25%, with a smaller fraction
(0.05) of these driving starbursts. The mass ratios of these minor
merger events are also very small, which explains the small per-
centage of merger driven starbursts.
• ≈ 68% of minor mergers in ETGs in both the Lacey14+RP
model Lagos12+RP models increased the neutral gas content sig-
nificantly (at least by a factor of 2). The frequency of minor mergers
times the percentage of those which increased the gas content sig-
nificantly explains the percentages of ETGs with neutral gas con-
tents supplied by minor merger accretion in the models.
• Of these minor merger accretion episodes, ≈ 95% in both
the Lacey14+RP and Lagos12+RP models took place in halos with
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Figure 15. Fraction of ETGs (B/T > 0.5) with LK > 6 × 109 L⊙
and MHI + MH2 > 107M⊙ at z = 0 in the Lacey14+RP and La-
gos12+RP models that have most of their cold gas supplied by mass loss
from intermediate- and low-mass stars, as a function of the host halo mass.
masses < 1014M⊙, which implies that this source of neutral gas
accretion is negligible in cluster environments. This agrees with the
observations of Davis et al. (2011).
• There is only a small percentage, ≈ 3%, of ETGs with
LK > 6 × 10
9 L⊙ and MHI +MH2 > 107M⊙, that had a star-
burst driven by disk instabilities in the last 1 Gyr. These galaxies
have very small disks (usually the bulge half-mass radius is larger
than the disk half-mass radius) and B/T & 0.9. In the model we
use the properties of galaxy disks to determine whether they are un-
stable under small perturbations (see Eq. 9). In reality, one would
expect that such large bulges dominate over the gravity of the disk,
stabilizing it. Martig et al. (2013) show this to happen in hydrody-
namical simulations of individual galaxies: self-gravity of the disk
is reduced when it is embedded in a bulge, preventing gas fragmen-
tation. This results in an overall lower efficiency of star formation
in ETGs. Our model does not capture this physics showing that it
needs improvement to account for these cases.
The largest differences found between the two models is in the
fraction of ETGs with MHI +MH2 > 107M⊙ and the percent-
age of those with current neutral gas contents dominated by merger
accretion. These differences are due to a combination of the differ-
ent threshold values to examine disk instabilities and the different
dynamical friction prescriptions used by the models (§ 3.3.2). In
the Lacey14+RP model more disk instabilities take place due to
the higher ǫdisk, which drives a more rapid gas exhaustion in the
galaxies that are prone to disk instabilities. Many of the galaxies
that go through disk instabilities in the Lacey14+RP model do not
do so in the Lagos12+RP model due to lower value of ǫdisk. In
the case of the dynamical friction, the prescription used by the La-
gos12+RP model produces more minor mergers at lower redshifts
than the prescription used in the Lacey13+RP model.
Another interesting dichotomy between cluster environments
and lower mass halos is that the amount of ETGs that have neutral
gas contents supplied mainly by mass loss from intermediate and
low-mass stars increases with increasing halo mass. This is shown
in Fig. 15 for the models Lagos12+RP and Lacey14+RP. In cluster
environments, we expect 7% of ETGs to have neutral gas contents
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Table 1. The percentage of ETGs with LK > 6× 109 L⊙ in the Lacey14+RP and Lagos12+RP models under different selection criteria, which we group in
four categories: neutral gas content, neutral gas sources, mergers and disk instability.
Selection ETGs (LK > 6× 109 L⊙) ETGs (LK > 6× 109 L⊙)
Lacey14+RP Lagos12+RP
Neutral gas content
ETGs with neutral gas content MHI +MH2 > 107M⊙ 58% 65%
Neutral gas sources of the sample of ETGs with MHI +MH2 > 107M⊙.
ETGs with current gas content dominated by mergers 7.5% 17%
ETGs with current gas content dominated by recycling 1.5% 0.8%
ETGs with current gas content dominated by cooling 91% 82%
Mergers of ETGs with MHI +MH2 > 107M⊙.
ETGs that had a merger in the last 1 Gyr 11% 25%
ETGs that had a merger-driven starburst in the last 1 Gyr 1% 1%
Mergers in ETGs that took place in Mhalo < 1014M⊙ h−1 95% 94%
Mergers in ETGs that increased the neutral gas content by a factor of > 2 69% 66%
Disk instabilities on ETGs with MHI +MH2 > 107M⊙.
ETGs that had a disk instability in the last 1 Gyr 4% 2%
mainly supplied by recycling in the Lacey14+RP model and 3% in
the Lagos12+RP model, while that percentage drops dramatically
at halo masses Mhalo < 1014M⊙. Note that both models show a
minimum contribution from recycling at Mhalo ≈ 2 × 1012M⊙,
which is connected to the halo mass in which feedback, either by
stellar feedback in the lower halo masses or AGN in the higher
halo masses, is the least effective. At this halo mass we have the
most efficient accretion of newly cooled gas, which minimises the
contribution from mass loss from old stars.
The higher frequency of ETGs with neutral gas contents dom-
inated by internal origin in higher mass halos takes place together
with the aging of the bulge. In Fig. 16, we show the look-back
time to the last time ETGs had a bulge-to-total stellar mass ratio
< 0.5 (a late-type morphology), as a function of the current halo
and stellar mass. There is a positive correlation between the current
halo and stellar mass and the last time these ETGs were late-type:
ETGs residing in high mass halo have had an early-type morphol-
ogy for longer time than those residing in lower mass halos, and
similarly, the most massive ETGs have a tendency of having had
an early-type morphology for longer than lower mass ETGs. Note,
however, that the dispersion around these relations is very high,
showing that there is no single path for the formation of spheroids
and that the star formation history of ETGs can be quite complex
(see also Naab et al. 2013). The Lagos12+RP model predicts sys-
tematically lower times at halo masses Mhalo < 1013M⊙ than
the Lacey14+RP model, which is due to the higher disk instability
threshold in the latter model, which drove ETGs to undergo disk
instabilities on average earlier than in the Lagos12+RP model.
7 CONCLUSIONS
We have studied the current neutral gas content of ETGs and its
origin in the context of hierarchical galaxy formation. We first use
the HIPASS and ATLAS3D surveys to quantify the HI and H2 gas
fraction distribution functions for the overall galaxy population and
ETGs observationally. We then explored the predictions for the
neutral gas content of galaxies in three flavours of the GALFORM
semi-analytic model of galaxy formation, the Lagos12, Gonzalez-
Perez14 and Lacey14 models and performed a thorough compari-
son with observations.
For quiescent star formation, the three models use the
pressure-based SF law of Blitz & Rosolowsky (2006), in which the
ratio between the surface density of H2 and HI is derived from the
radial profile of the hydrostatic pressure of the disk. The SFR is
then calculated from the surface density of H2. The advantage of
this SF law is that the atomic and molecular gas phases of the ISM
of galaxies are explicitly distinguished, which allows us to com-
pare the predictions for the HI and H2 contents of ETGs directly
with observations. Other physical processes in the three models are
different, such as the IMF adopted and the strength of both the SNe
and the AGN feedback, as well as the cosmological parameters.
We also tested the importance of the modelling of the processing
of the hot gas of galaxies once they become satellites. The original
GALFORM flavours include a strangulation treatment of the hot gas:
once galaxies become satellites they immediately lose all of their
hot gas reservoir. We run the three GALFORM flavours with a dif-
ferent hot gas processing: the partial ram pressure stripping of the
hot gas of satellite galaxies, which depends upon the orbit followed
by the satellite galaxy, with cooling continuing onto the satellite
galaxies.
Our conclusions are:
(i) The three flavours of GALFORM predict overall HI and H2
mass functions in good agreement with the observations, regardless
of the treatment of the hot gas of galaxies once they become satel-
lites. However, when focusing exclusively on the ETG population,
the inclusion of partial ram pressure stripping of the hot gas (as op-
posed to the strangulation scenario) results in the models predicting
ETGs with higher contents of HI and H2, improving the agreement
with the observations. This shows that the HI and H2 gas contents
of ETGs are a great test for the modelling of the hot gas stripping
in simulations of galaxy formation. Moreover, the gas fraction dis-
c© 2011 RAS, MNRAS 000, 1–20
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Figure 16. Top Panel: Look-back time to the last time ETGs (B/T > 0.5)
selected as LK > 6 × 109 L⊙, MHI + MH2 > 107M⊙ at z = 0
had a B/T < 0.5 (late-type morphology), expressed in 1 + z, as a func-
tion of the current host halo mass, for the Lacey14+RP and Lagos12+RP
models. Lines with errorbars show the median and 10 and 90 percentiles of
the distributions, respectively. For clarity, errorbars are only shown for the
Lacey14+RP model, but the ones in the Lagos12+RP model are of similar
magnitude. Bottom panel: As in the top panel but here the look-back time
to the last time ETGs had a B/T < 0.5 is shown as a function of stellar
mass.
tribution is a statistical measurement which is particularly good for
placing constraints on models.
(ii) The presence of a bulge in galaxies is strongly correlated
with depleted HI and H2 gas contents in the three GALFORM mod-
els tested. This close correspondence between the bulge fraction
and the depleted neutral gas contents in ETGs has been observed
and here we provide a physical framework to understand it. We
show that this is due to AGN feedback in central galaxies, and the
environmental quenching due to partial ram pressure stripping of
the hot gas in satellite galaxies. In the former, the black hole mass
is correlated with the bulge mass, which implies that feedback can
be stronger in larger bulges (as the Eddington luminosity increases
with back hole mass). Galaxies experiencing AGN feedback do not
accrete significant amounts of newly cooled gas, which impedes
the regeneration of a prominent disk. In the case of satellites, the
lower accretion rates due to depletion of the hot gas prevent the re-
growth of a substantial disk, or drive the exhaustion of the gas in
the disk, leaving a (close to) gas-free disk. There is a fraction of
ETGs though that are neither experiencing AGN feedback, nor en-
vironmental quenching, that have normal HI and H2 contents which
are comparable to those obtained for late-type galaxies of the same
mass.
(iii) We find that about ≈ 90% of ETGs accreted most of their
neutral gas from the hot halo through radiative cooling. A lower
fraction have current HI and H2 contents supplied by accretion
from minor galaxy mergers (ranging from 8% to 17%, depend-
ing on the model). An even smaller fraction (0.5 − 2%) have their
neutral gas content supplied mass loss from intermediate and low
mass stars. Interestingly, most of those galaxies are hosted by large
mass halos (Mhalo > 1014M⊙; clusters of galaxies), while most
of those dominated by minor merger accretion are in non-cluster
environments (Mhalo < 1014M⊙). We find that the source of the
HI and H2 gas in ETGs has strong consequences for the expected
alignment between the gas disk and the stellar component, which
we discuss in depth in paper II (Lagos et al. in prep.).
(iv) We find a general trend of increasing look-back time to the
last time ETGs were late-types (B/T < 0.5) with increasing host
halo mass and stellar mass. However, these trends are characterised
by a very large dispersion around the median, suggesting that the
paths for the formation of ETGs of a given stellar mass are variable
and non self-similar. The latter is due to the stochastic nature of
galaxy mergers and disk instabilities.
Our analysis shows the power of studying the gas contents
of galaxies, and how sub-samples of them are affected by differ-
ent physical processes. In particular, our work points to the need
for improved modelling of ram pressure stripping of the hot gas,
which has an important effect in a wide range of environments. Al-
though we show how the model we include, originally developed
by Font et al. (2008), works well with the observational constraints
we currently have, it may be too simplistic. For example this model
does not explicitly take into account the three dimensional position
and velocity of galaxies in the simulation, which means that we do
not consider their specific position in the halo to calculate the ram
pressure stripping throughout its transit. This will be possible with
high resolution simulations, given that for such a detailed analysis
it is necessary to resolve all halos with few hundreds particles at
least. In the future, we suggest that the study of the HI and H2 gas
contents of galaxies classified as “passive” will provide stringent
constraints on the details of the ram pressure stripping modelling.
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APPENDIX A: THE EFFECT OF VARYING THE
PARTIAL RAM PRESSURE STRIPPING PARAMETERS
We show in Fig. A1 the HI gas fractions for the Lacey14+RP model
using three different values for ǫstrip, which controls the fraction
of the reheated mass from stellar feedback that was driven out from
the galaxy after the first passage of the satellite that is affected by
stripping. The reheated mass considered here is the one that sits
outside the stripping radius. We remind the reader that the latter
is calculated at the pericentre of the satellite’s orbit (see § 3.4).
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A value of ǫstrip = 1 implies that the reheated gas gets stripped
in subsequent steps at the same rate as the hot gas of the galaxy
when the satellite first passed through its pericentre. To adopt this
value in the model leads to predictions that are very similar to the
Lacey14 model predictions (including strangulation). This shows
that ǫstrip = 1 drives very efficient hot gas stripping close to the
fully efficient case. The model using the values ǫstrip = 0.01 and
ǫstrip = 0.1 produce very similar gas fractions. Both cases lead
to predict number densities of ETGs with HI and H2 gas frac-
tion > 0.02 higher than both the standard Lacey14 and the ver-
sion including partial ram pressure stripping with ǫstrip = 1. This
higher number density is due to the higher rates of infalling cold
gas, which replenish the ISM with newly cooled gas. We conclude
that for values of ǫstrip . 0.3 the results presented in the paper
do not considerably change, mainly because of a self-regulation of
outflows and inflows in satellites: if a very small value of ǫstrip is
adopted, it will drive higher accretion rates of gas onto the disk,
which will lead to higher star formation rates, and therefore higher
outflows rates. For values ǫstrip & 0.3 the satellite’s hot gas reser-
voir is removed too quickly driving very little further gas accretion
of newly cooled gas onto the galaxy disk. The latter has the effect
of quenching star formation in the satellite galaxy quickly, driving
low HI and H2 gas fractions.
APPENDIX B: COMPUTING THE CONTRIBUTION
FROM DIFFERENT GAS SOURCES
The equations governing the mass exchange between stars (M⋆),
gas in the disk (Mg), ejected mass from the disk (Meject) and the
hot halo (Mhot) are as follows:
M˙⋆ = (1−R)ψ, (B1)
M˙g = M˙cool − (1−R)ψ − M˙eject (B2)
M˙eject = β ψ (B3)
M˙hot = −M˙cool +
Meject
τrein
. (B4)
Here, ψ is the instantaneous SFR described in § 3.1, M˙cool is the
cooling rate described in § 3.3.1, R is the recycled fraction de-
scribed in § 3.2 and β is the efficiency of supernovae feedback.
The latter depends on the circular velocity as β = (V/V0)−αhot
(see Lagos et al. (2013) for a discussion of the physical motivation
of this parametrisation). The parameters adopted in each model are
αhot = 3.2 in the Lagos12, Gonzalez-Perez14 and Lacey14 mod-
els, V0 = 485 kms−1 in Lagos12, V0 = 425 kms−1 in Gonzalez-
Perez14 and V0 = 320 km s−1 in Lacey14. We define the changes
in the quantities above in an arbitrary timestep as ∆Mcool, ∆M⋆,
∆Mg and ∆Meject.
In order to follow the three sources of gas in galaxies (galaxy
mergers, recycling and gas cooling), we define Mmerg, Mrecycle
and Mcooling, and calculate them as follows. We first add the
amount of cooled gas in the cooling component and the one fol-
lowing the total gas in the disk, Mg,
∆Mcooling = ∆Mcool, . (B5)
We update the quantities Mcooling and Mg by adding ∆Mcooling.
From Mg, an amount ∆M⋆ of stars is formed and the amount of
gas that is depleted from the ISM is ∆M⋆. This mass is subtracted
from the quantities Mmerg, Mrecycle and Mcooling, preserving their
fractional contribution to Mg before stars formed. We then update
Mg by subtracting ∆M⋆.
After stars form, a fraction R is returned to the ISM, and we
modify Mrecycle and Mg by ∆Mrecycle defined as:
∆Mrecycle = R∆M⋆, . (B6)
From the stars formed, an amount ∆Meject = βM⋆ is ejected
from the galaxy, and we subtract the amount of gas escaping the
disk from Mmerg, Mrecycle and Mcooling, preserving their frac-
tional contribution to Mg before the ejection of gas. We then
update Mg by subtracting ∆Meject. This procedure ensures that
Mmerg +Mrecycle +Mcooling ≡Mg.
During galaxy mergers, we add the amount of gas accreted by
the central galaxy from the satellite to Mmerg before star formation
takes place, and then we proceed to the set of Eqs. B1-B4 with the
formalism described above.
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